A novel metal-free process allowing the reductive desulfurization of various benzylic dithioketals to afford diarylmethane and benzylester derivatives with good to excellent yields is reported. At room temperature, this mild reduction process requires only the use of TMSCl and NaI in CH2Cl2 and tolerates a large variety of functional groups.
Introduction
The Mozingo reaction consisting in the reductive desulfurization of dithioketals of ketones into methylene derivatives is an important chemical transformation. [1] This process which can be achieved under neutral conditions is preferable to Clemmensen or Wolff-Kischner reduction in particular with contraindicated acidic or basic sensitive substrates. Historically, the first desulfurization of dithioketals was reported in 1944 by Wolfrom and Karabinos, which successfully achieved this transformation using Raney-Ni.
[1i] Examination of the literature reveals that Raney-Ni is from far the most reported process to achieve this reduction. [1a,2] Although effective, this transformation requires the use of Raney-Ni [3] in large excess (in the presence or absence of H2) and is sometimes accompanied by side-reactions when sensitive-substrates were used such as, debenzylation, [1g] hydrogenolysis of C-halogen bonds, [4] reduction of multiple bonds, [5] deoxygenation of epoxides [1b] and others. As Raney-Ni is highly pyrophoric and difficult to handle in large quantities, a variety of non-pyrophoric nickel-containing reducing agents (NiCRAs) was developed and used in large excess to achieve the desulfurization of dithioketals. [6] Due to the toxicity of Ni and Ni-derivatives [7] and their use in more than stoichiometric amounts, other metals or metal salts (e.g. Na, Li, Mo, ZnCl2, CuCl2 and TiCl4) were reported to desulfurize robust dithioketal substrates devoid of functional groups. [1a] Therefore, there is an urgent need to find a novel metal-free alternative process to desulfurize dithioketals and we assumed that this transformation can be performed under mild conditions using of TMSCl and NaI.
We recently reported that the TMSCl/NaI association, which did not provide TMSI [8] in CH2Cl2, regioselectively reduced at rt a large variety of 1,2-diketones into deoxybenzoins. [8] This reducible system having a great functional group tolerance in CH2Cl2 (on the contrary to TMSI), was also extended to selectively reduce various arylalkyl-α-diketones into alkylbenzylketones with high yields. [9] Herein, we wish to report the reductive properties of the TMSCl/NaI in CH2Cl2 towards a variety of dithioketals, which were successfully desulfurized in good yields (Figure 1 ). 
Results and Discussion
At the beginning of this work, we studied the reactivity of TMSCl/NaI [10] in CH2Cl2 at rt with thiolanester 1 (Scheme 1). We were pleasantly surprised to observe that in the presence of 20 equiv of TMSCl/NaI, the dithiolane function of 1 was totally desulfurized into a methylene moiety to give benzylester 2 in a 65% yield after 24 h of reaction. Scheme 1. TMSCl/NaI promoted the reductive desulfurization of thiolanester 1, dithianester 3 and bisethylsulfane 4.
To optimize this welcome result, we tried to reduce the quantity of TMSCl/NaI from 20 to 10 and to 5 equiv. In the presence of 10 equiv of TMSCl/NaI, we observed a slight decline in yield (59% vs 65%) that dramatically decreased to 11% using 5 equiv of this combination. CH2Cl2 was found to be the best solvent for this desulfurization reaction since the use of CH3CN, acetone, or toluene resulted in a decrease in the yield (e.g., 51% for CH3CN). Next, for structural comparisons, the dithianester 3 and bis-ethylsulfane 4 were also desulfurized in the presence of 10 equiv of TMSCl/NaI to give 2 in excellent yields. This result indicated that dithioketal 3 appeared to be more cooperative than thiolanester 1 for the desulfurizing process, which was achieved in a shorter reaction time of 15 h and with a lower quantity of TMSCl/NaI. As we have previously demonstrated in the deoxygenation of diketones, [8] replacing TMSCl/NaI combination by TMSI in CH2Cl2 resulted in lower yields. In the presence of 10 equiv of TMSI, dithiane 3, dithiolanester 1 and bis-ethylsulfane 4 were desulfurized in CH2Cl2 to furnish 2 but with modest yields (63%, 40% and 45% respectively), significantly inferiors to 91%, 59% and 90% obtained with the TMSCl/NaI system. Next, we examined whether this unexpected desulfurization reaction was more general and could be extended to various thiolanes other than to α-thiolanester and α-dithianester derivatives. To this end, we tested the reductive properties of the TMSCl/NaI system with 2,2-diaryl-1,3-dithiolanes 5 and 2,2-diaryl-1,3-dithianes 6 to obtain the corresponding diarylmethane derivatives [11] of type 7. A series of diarylthiolanes 5 and diaryldithianes 6 having different substituents on their aromatic rings were prepared from diarylketones and ethane-1,2-dithiol and/or propan-1,3-dithiol in the presence of BF3. Et2O . The results of the desulfurization of substrates 5 and 6 in CH2Cl2 by the TMSCl/NaI system are reported in Table 1 . [12] In entries 1 and 2, one can observe that the desulfurization process occurred well with 2,2-diphenyl-1,3-dithiolane 5a and 2,2-diphenyl-1,3-dithiane 6a in excellent yields of 88% and 90%, respectively. These results indicate that this desulfurization reaction is not limited to α-thiolanesters and can be applied to diaryldithioketals. Moreover, as we previously observed with arylalkyl-α-diketones, [9] the presence of electron-rich substituent(s) on aromatic ring(s) is not necessary for the reduction process to occur (entries 1 and 2). In entries 3-10, we were pleased to observe that the presence of electron-withdrawing groups (EWGs) as Cl, F, Br, CF3 on ortho, meta and para-positions did not affect the yield of the desulfurization process and the corresponding diarylmethanes 7b-h were obtained with excellent yields. As expected, the presence of electron-donating groups (EDGs) on aromatic ring(s) was also allowed as demonstrated with the desulfurization of diaryldithianes 6i-o (entries [11] [12] [13] [14] [15] [16] [17] [18] . Similarly, push-pull-, pull-pull-and push-pushdiaryldithianes 6p-r were successfully desulfurized to furnish diarylmethanes 7p-r with good yields (from 67 to 95%). The results depicted in entries 1-4, 11-12 and 19-20, clearly indicated that thiolanes 5 and dithianes 6 displayed similar reactivity as were desulfurized in 24 h with comparable yields. Moreover, a variety of functional groups (e.g., OMe, halogens, OH, CO2Me, NO2, aryl) remained unchanged using this mild process.
To show the superiority of this process with respect to other methods using Raney-Ni [13] or Mo(CO)6, [14] dithiolanes 5e and 5f were desulfurized by TMSCl/NaI (Scheme 2).
Scheme 2.
Reductive desulfurization of 5e and 5f by TMSCl/NaI.
Comparison of the yields obtained using the TMSCl/NaI association vs Raney-Ni or Mo(CO)6 clearly supports that this metal-free process is particularly welcome since the yields of reduced derivatives are largely higher (Scheme 2, 7t: 71%, 7s: 90%). Next, we focused our attention on the desulfurization of a variety of arylalkyldithioketals 8 and the operating conditions optimization was realized with dithiane 8a and thiolane 8b, which were totally desulfurized at 35 °C using TMSCl/NaI (20 equiv) in CH2Cl2 to give the expected 1,2,3,4-tetrahydronaphtalene 9a (78% and 83%, resp.) after 40 h of reaction (Table 2 , entries 1 and 2). Using these conditions, thiolanes 8c and 8d were well desulfurized to give the reduced derivatives 9b and 9c with good yields (entries 3 and 4, 76% and 85%, resp.). As showed in entry 5 the desulfurization process was successfully applied to spiro[thiochromane-4,2'- [1, 3] dithiolane] 8e to afford the reduced derivative 9d in a good yield of 85%. Finally, the reduction of dithiane 8f was effective and provided 2-ethylnaphtalene 9e in a good yield (entry 6, 88%).
To complete this study, we next examined the reducing properties of dithioketals of type 10, prepared from aromatic aldehydes (Table 3) .
In the presence of TMSCl/NaI, bis-ethylsulfanes 10a-e were partially desulfurized to give the corresponding half-desulfurized derivatives 11a-e in fair to good yields (Table 3 , entries [1] [2] [3] [4] [5] . By adjusting the quantities of TMSCl/NaI and the reaction time (e.g., 5 equiv, 20 h, entry 6), ethyl(naphthalen-2-ylmethyl)sulfane 10e was half-desulfurized with a better yield of 80%. Similarly, using the same reaction conditions, ortho-brominated dithioketal 10f was halfdesulfurized to provide 11f (90%, entry 7). Finally, as hoped, a total desulfurization reaction of bisethylsulfane 10e and dithiane 10g was observed by increasing the charge of TMSCl/NaI to 20 equiv yielding, after 40 h of reaction, the desulfurized 2-methylnaphtalene 12a in good yields (84% and 75%, respectively, entries 8 and 9). These results indicated that by using a bis-ethylsulfane of aldehyde, it is possible to prepare half-and totally-desulfurized products by adjusting carefully the quantity of TMSCl/NaI, the temperature and the reaction time (TLC). Based on the above results obtained with the desulfurization of dithianes, thiolanes and bisethylsulfanes, we proposed a possible mechanism illustrated in Scheme 3.
First, as we previously demonstrated with the regioselective reduction of benzil derivatives [8] and to definitively prove that the TMSCl/NaI combination is the reducing system rather than small amounts of HI formed between TMSCl/NaI and traces of water present in the solvent, several control experiments were achieved. When performing the reduction of dithiane 6j in CH2Cl2 at rt for 24 h with 0.1, 1 or 2 equiv of aqueous HI (wt 57%), no desulfurization occurred. Moreover, adding a large excess of base (20 equiv.) as Na2CO3 or Et3N (to neutralize HI if formed) in CH2Cl2 in the presence of TMSCl/NaI did not inhibit the desulfurization of dithiane 6j which was transformed into the expected reduced compound 7j in good yields (90% using Na2CO3 and 60% using Et3N).
On the contrary to previous expectations, [15] we believe that, in methylene chloride, a sulfur atom of dithioketal 6a reacted with the silicon of TMSCl to give a possible sulfonium complex A. An iodide from NaI [16] then added on the benzylic carbon of A (or to a benzylic stabilized-carbocation) to give a half-open intermediate B. Then, the second sulfur atom of B attached on the benzylic carbon reacted with a second equiv of TMSCl to give C, [17] which added another iodide to provide a very instable diiododiphenylmethane [18] derivative D. Finally, hydrolysis of D in the presence of NaI and TMSCl [19] would led to a (iodomethylene)diphenyl derivative 13 [20] and furthermore into the desulfurized compound 7a after the release of two equiv of I2. Note that, at the end of the reaction and after hydrolysis, the methylene chloride solution took a brown hue, which was discolored by sodium thiosulphate revealing the presence of I2.
To validate the transformation of the highly unstable electrophilic diiododiphenylmethane D into E and finally into 7a, by structural analogy, [18] we mixed the more stable dichlorodiphenylmethane 14 with 10 equiv of TMSCl/NaI [21] for 12 h in CH2Cl2. Similarly, 13 which was prepared by independent synthesis, was reacted with TMSCl/NaI for 12 h. In both cases, after hydrolysis, diphenylmethane 7a was obtained with an excellent identical yield of 95% indicating that di-and mono-iodinated derivatives D and 13 are possible intermediates in the desulfurizing process.
Conclusion
In conclusion, we have found a very efficient metalfree process to desulfurize a large variety of dithioketals of ketones and aldehydes bearing electron-donating and electron-withdrawing substituents on aromatic rings. The great advantages of this novel desulfurizing process compared to other methods which require the use of toxic metals are (i) low costs of non-toxic reagents (TMSCl and NaI) which are easy to handle, (ii) reactions occur at room temperature, (iii) high to excellent yields are obtained, (iv) functional groups on aromatics are well tolerated whatever their position (o, m, p), (v) ease of treatment and purification (hydrolysis followed by chromatography on SiO2). We now believe that this novel green-process, which appear to be compatible with environmental requirements would quickly find large scale industrial applications.
Experimental Section
General experimental methods All glasswares were oven-dried at 140 °C and all reactions were conducted under an argon atmosphere. Solvents: cyclohexane, ethyl acetate (EtOAc), for chromatography, were technical grade. All new compounds were characterized by 1 H NMR, 13 C NMR, 19 F NMR, IR spectroscopy, HRMS.
1 H, 13 C and
19
F NMR and spectra were measured in CDCl3 with a Bruker Avance 300.
1 H NMR chemical shifts are reported in ppm from an internal standard TMS or of residual chloroform (7.26 ppm). The following abreviation are used: m (multiplet), s (singlet), brs (broad singlet), d (doublet), t (triplet), dd (doublet of doublet), td (triplet of doublet), ddd (doublet of doublet of doublet). 13 C chemical shifts are reported in ppm from the central peak of deuterochloroform (77.14). IR spectra were measured on a Bruker Vector 22 spectrophotometer (neat, cm -1 ). High-resolution mass spectra were recorded on a Bruker Daltonics microTOF-Q instrument. Analytical TLC was performed on Merck precoated silica gel 60 F-254 plates. Merck silica gel 60 (230-400 mesh) was used for column chromatography. The plates were visualized by either UV light (254 nm) or by a phosphomolybdic acid solution in ethanol. To a solution of ketone or aldehyde (1 mmol) in 20 mL of CH2Cl2 was added the thiol derivative (EtSH (10 mmol), 1,2-ethanedithiol (5 mmol or 1,3-propanedithiol (5 mmol)), followed by 1 mL of boron trifluoride etherate. The solution was stirred at room temperature until disappearance of starting material (judged by TLC). Then, H2O (20 mL) and CH2Cl2 (30 mL) were added to the solution. The organic layer was separated, washed with H2O (2 x 10 mL) and saturated NaCl solution (2 x 10 mL), dried over MgSO4, and concentrated under reduced pressure to give a residue which was purified by chromatography on silica gel.
General procedure for the synthesis of compounds 7, 9, 11, 12a.
A mixture of thioketal (0.5 mmol) and NaI (5 to 10 mmol, see text) was stirred in CH2Cl2 for 5 min. Then, 5 to 10 mmol of TMSCl were added to the solution which was stirred until completion (judged by TLC). The reaction was hydrolyzed for 5 min with H2O (5 mL) and the brown mixture was washed with of a saturated Na2S2O3 solution (10 mL) and extracted with CH2Cl2. Organic layers were dried over MgSO4 and concentrated under reduced pressure to give a residue which was purified by chromatography on silica gel. 
2-(4'-((Methylperoxy
)129.1 (Cq), 128.6 (2 CH), 127.8 (CH), 127.3 (2 CH), 127.1 (2 CH), 62.6 (Cq), 52.2 (CH3), 29.5 (2 CH2), 24.5 (CH2
3-(2-Phenyl-1,3-dithian-2-yl)phenol (6o):
White solid, mp 125. 4 
4-(2-(4-Chlorophenyl)-1,3-dithiolan-2-yl)phenol (5d):

4-(2-(4-Chlorophenyl)-1,3-dithian-2-yl)phenol (6p):
white solid, mp 134.7 -134.9 °C, yield 99%, 319.6 mg. 1 
1-Benzyl-4-nitrobenzene (7h)
[26] : Colorless oil, yield 55%, 58.6 mg. 1 [28] :
4-Benzyl-1,1'-biphenyl (7k)
Colorless [25] : Colorless oil, yield 85%, 77.5 mg. 1 H NMR (300 MHz, CDCl3) δ = 7.29 -6.96 (m, 9H), 3.90 (s, 2H), 2.15 (s, 3H). 3-Benzylphenol (7o) [29] : Colorless oil, yield 95%, 87.5 mg. 1 bis(4-Methoxyphenyl)methane (7r) [32] : Colorless oil, yield 67%, 76.5 mg. 1 (m, 4H), 2.89 (t, J = 6.6 Hz, 2H), 2.69 (t, J = 6.6 Hz, 2H). 13 76 (m, 3H), 7.71  (s, 1H), 7.53 -7.43 (m, 3H), 3.89 (s, 2H) , 2.45 (q, J = 7.5 Hz, 2H), 1.25 (t, J = 7.4 Hz, 3H). 13 
1-Benzyl-2-methylbenzene (7n)
